ABSTRACT: A diverse range of materials and properties are exhibited by layered perovskites. We report on the synthesis, characterization, and computational investigation of a new ferroelectricCsBi 2 Ti 2 NbO 10 an n = 3 member of the Dion−Jacobson (DJ) family. Structural studies using variabletemperature neutron powder diffraction indicate that a combination of octahedral rotations and polar displacements result in the polar structure. Density functional theory calculations reveal that the wider perovskite blocks in CsBi 2 Ti 2 NbO 0 stabilize proper ferroelectricity, in contrast to the hybrid-improper ferroelectricity reported for all other DJ phases. Our results raise the possibility of a new class of proper ferroelectric materials analogous to the well-known Aurivillius phases.
■ INTRODUCTION
Ferroelectric materials, i.e., polar materials where the macroscopic polarization may be reversed or switched, are an important class of compounds due to their academic and technological relevance. From an academic perspective, the mechanisms that give rise to the polarization have fascinated chemists, physicists, and materials scientists, and understanding them has allowed the design and preparation of new classes of functional materials. Technologically, ferroelectrics are used in applications such as random-access memories, 1,2 sensors, and thin-film capacitors. 3 Structurally, all ferroelectric materials must be crystallographically polar. Layered perovskite-related materials, including the Ruddlesden−Popper (RP), Aurivillius, and Dion−Jacobson (DJ) families, not only are an important class of ferroelectric materials but also represent ideal structural families in which to explore the mechanisms that give rise to polar structures. These include second-order Jahn−Teller driven cation displacements, cation ordering patterns, and combinations of nonpolar octahedral rotations. 4 DJ phases, of general formula A′A n−1 B n O 3n+1 , consist of perovskite blocks composed of n layers of corner-linked BO 6 octahedra, separated by layers of alkali A′ cations. The ideal, aristotype structure is tetragonal (of P4/mmm symmetry, Figure 1 ) with unit cell a t ≈ 3.8 Å×c t ("t" denotes tetragonal unit cell in this work). Depending on the size of the A′ cation, the perovskite blocks are stacked in an eclipsed conformation (for larger A′ cations, e.g., Rb + , Cs + ) or in a staggered conformation (for smaller A′ cations, e.g., K + , Na + ). The two stacking arrangements both differ from that in the RP and Aurivillius families (in which successive blocks are offset by ( 1 / 2 a, 1 / 2 b) translation). The structural chemistry of the DJ family is not yet fully understood, and although distortions similar to those found in RP and Aurivillius materials (e.g., rotation of BO 6 octahedra, cation displacements) can be expected in the DJ phases, the symmetries of the resulting DJ phase will not necessarily follow those determined for the related RP and Aurivillius phases. 5−8 Rigorous DFT calculations by Fennie and Rabe predicted ferroelectric behavior in the n = 2 DJ phase CsBiNb 2 O 7 . 9 Careful structural work has shown that CsBiNb 2 O 7 adopts a polar, orthorhombic structure (P2 1 am symmetry, √2a t × √2a t ′×c t ) up to at least 900°C. This polar structure is derived from the aristotype tetragonal structure by rotation of NbO 6 octahedra around both an in-plane axis ([110] t , a 0 c + in Glazer notation, corresponding to the M2+ rotational mode), and by ferroelectric displacement of Bi 3+ cations along the polar a axis. 10, 11 This is analogous to the structure of ferroelectric SrBi 2 Ta 2 O 9 (and related off-stoichiometric phases). 12, 13 However, demonstration of its ferroelectric behavior has proven difficult. 10, 11 Investigations using X-ray powder diffraction (XRPD) suggest that RbBiNb 2 O 7 is isostructural to CsBiNb 2 O 7 , and property measurements show that this Rb analogue has a relatively low permittivity and a ferroelectric T C ≈ 945°C. 14 More recently, Benedek has demonstrated the importance of "hybridimproper" mechanisms for ferroelectricity in these n = 2 DJ phases. This has prompted further work 15, 16 including piezoresponse force microscopy studies which have demonstrated the ferroelectric and piezoelectric behavior of A′BiNb 2 O 7 (A′ = Cs, Rb). 17 Structural characterization of n = 3 DJ phases (RbA 2 M 3 O 10 , A = Ca, Sr and M = Nb, Ta; 18 CsLn 2 Ti 2 NbO 10 , Ln = La, Pr, Nd, Sm;
19 A′A 2 M 3 O 10 , A′ = Rb, Cs, A = Sr, Ba, and M = Nb, Ta 20 ) using XRPD data has suggested the possibility of structural distortions involving octahedral tilting in the n = 3 series of DJ phases, but this has not been thoroughly investigated. We report here structural studies from variabletemperature neutron powder diffraction (NPD) data on the n = 3 DJ phase CsBi 2 Ti 2 NbO 10 and show that it adopts a polar structure at room temperature involving two modes of octahedral rotation as well as ferroelectric displacements along the in-plane polar direction. At ∼540°C, CsBi 2 Ti 2 NbO 10 undergoes a phase transition to a higher symmetry tetragonal phase. These structural studies are consistent with second harmonic generation (SHG) tests and its relatively low permittivity with maximum at ∼550°C and are discussed in the light of recent work on hybrid-improper ferroelectrics. 21, 22 DFT calculations show that CsBi 2 Ti 2 NbO 10 is a proper ferroelectric, unlike the n = 2 analogues, and are used to explore structural instabilities of this system. 5 . These reagents were ground by hand in an agate mortar and pestle under an acetone slurry and pressed into 10 mm diameter pellet(s). The resulting mixture was placed in an alumina boat and heated at 550°C for 6 h, followed by 12 h at 850°C. After cooling to room temperature in the furnace, the sample was ground under an acetone slurry and reheated at 850°C for 12 h, and this process was repeated several times. Finally, the powder was washed several times with cold, deionized water and recovered by vacuum filtration. Preliminary characterization was carried out using XRPD using a Bruker D8 Advance diffractometer operating in reflection mode with Cu Kα source and a Vantec detector.
■ EXPERIMENTAL AND CALCULATION DETAILS
Neutron powder diffraction data were collected on the time-of-flight (TOF) diffractometer POLARIS at the ISIS spallation neutron source. High quality data sets were collected at 25, 200, 360, 440, 480, 500, 515, 545, and 700°C, and shorter data collections were made at 280, 400, 460, 525, 535, 600, and 650°C. Diffraction data were analyzed using the Rietveld method 23 using Topas Academic software. 24, 25 Sequential refinements were carried out using local subroutines. Some peaks from vanadium were observed in the NPD data (presumably from the sample can), and these were fitted with a body-centered cubic vanadium phase in refinements. Distortions and group−subgroup relations were explored using the symmetry-adapted distortion mode approach, and ISODISTORT 26 was used to give symmetry mode descriptions of distorted structures for use in Rietveld refinements using Topas Academic. Preferred orientation was modeled (where described in the text) using a March−Dollase function with a single preferred orientation direction, consistent with a plate-like morphology. 27 ,28
The samples were tested for SHG using the experimental setup described in ref 29 . The diffuse reflectance spectra were recorded by placing sample ground with dry sodium chloride (∼10% w/w) in an optical cuvette and illuminating it with a halogen lamp (Ocean Optics DH-2000-S). Nonspecular scattered light was collected, and the spectrum was recorded using an OceanOptics spectrometer (Mayer2000 Pro). A cuvette of ground sodium chloride was used as a reference. The data were used to calculate the reflectance spectra R(I) and Kubelka−Munk spectra F(R).
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Pellets of 5 mm diameter of CsBi 2 Ti 2 NbO 10 were heated at 2°C min −1 to a sintering temperature of 850°C and held at this temperature for 4 h. During this sintering process, the pellets were embedded in a sacrificial powder of the same composition as the sample. This gave pellets of density ∼83% of their theoretical density. Gold electrodes were attached to sintered pellets of CsBi 2 Ti 2 NbO 10 using gold paste (annealed at 800°C for 2 h). The dielectric response of these pellets was measured at 10, 100, and 250 kHz using a Hewlett Packard inductance−capacitance−resistance (LCR) meter. Measurements were carried out in a tube furnace heating the sample at 1°C min −1 to 800°C. Ferroelectric tests were carried out using a Radiant Technologies RTA60A ferroelectric testing rig with a high-voltage T-REK 609 × 10 −6 amplifier. We performed density functional theory (DFT) calculations using the ABINIT package 31 and norm-conserving pseudopotentials generated with the ONCVPSP code. 32 The following orbitals were treated as valence electrons in the pseudopotentials: 2s and 2p for O; 3s, 3p, 3d, and 4s for Ti; 4s, 4p, 4d, and 5s for Nb; 5s, 5p, and 6s for Cs; and 5d, 6s, and 6p Bi. The outer B(2) site (2g in the P4/mmm model, see Figure 3a ) is occupied by both Nb and Ti, and so the virtual crystal approximation (VCA) 33 was used to construct an "alchemical" virtual atom made of 50% Nb and 50% Ti for this site. We kept a regular Ti atom for the central B(1) site (1a in the P4/ mmm model, see Figure 3a ). Testing several exchange correlation functionals on the P4/mmm phase showed that the GGA-PBE functional gives the best agreement between theory and experiments (see SI2). We converged the calculations up to 1 meV/f.u. on energy differences and up to 2 cm −1 on phonon frequencies by setting the cutoff energy at 50 Ha for the plane wave expansion and the k-point grid at 6×6×2 for the integration in the Brillouin zone of the P4/mmm phase and at 3×3×2 for phases having a doubling of the unit cell with respect to the P4/mmm. The phonon frequencies, Born effective charges, dielectric constants, and piezoelectric coefficients were computed through the density functional perturbation theory (DFPT) 34−36 and the polarization through the Berry phase method. 37 We also strongly benefited from the three levels of parallelization (kpoints, bands, and fft-grid) implemented in ABINIT.
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■ RESULTS R o o m -T e m p e r a t u r e C r y s t a l S t r u c t u r e o f CsBi 2 Ti 2 NbO 10 . High-resolution NPD data collected at 25°C could not be fitted by the aristotype P4/mmm a×a×c unit cell, and reflections consistent with a larger orthorhombic √2a×√2a′×2c unit cell were observed. Systematic absences were consistent with body centered unit cells (e.g., Imam or Ima2 2c t ×√2a t ′×√2a t unit cells, (002) (11̅ 0) (1̅ 1̅ 0) compared with the P4/mmm structure). Rietveld refinement using a model of Ima2 symmetry gives an acceptable fit to the data. This model allows rotation of B (1) Using a global temperature factor for all sites, the distribution of Ti and Nb over the two B sites was refined, with a constraint to maintain stoichiometry. This suggested that although Nb preferentially occupies the outer B(2) site, there is some disorder with ∼13% of the inner B(1) site occupied by Nb. Ti and Nb have neutron scattering lengths of opposite signs (7.054(3) fm for Nb, −3.438(2) fm for Ti), 39 and this mixed occupancy gives low average scattering for these sites, so their temperature factors were constrained to be the average of those of the other sites in the structure. In subsequent refinements, the Ti−Nb distribution was fixed, and again, average temperature factors were used for these sites. Recent reports on n = 2 DJ phases have highlighted the textured nature of ceramic (7), 2×3.094 (7), 2×3.253 (7), 2×3.265
1×2.256(6), 1×2.421 (7), 1×2.567 (7), 1×3.008
2×2.006 ( samples 17 with some preferred orientation along the direction perpendicular to the layers, 11 and including this in our refinements (along [100] in our case) further improved the fit.
Details from Rietveld refinements are given in Tables 1 and  2 , refinement profiles are shown in Figure 2 , and the structure is illustrated in Figure 3 .
We note that some Ti/Nb(1)−O bond lengths in this model are fairly short, and this is reflected in high bond valence sum values 40 for these sites (apparent valences of 1.12 and 2.82 are calculated for the Cs and Bi sites, 4.57 and 5.93 for Ti(1) and Nb(1), and 3.86 and 5.00 for Ti(2) and Nb(2), respectively, validating the site preference of Nb 5+ ions for the B(2) site). As discussed above, the average scattering from these sites is relatively low, so their positions may not be so well determined, and Ti and Nb might be expected to occupy slightly different positions on these sites. However, it is surprising to note that two of these Ti/Nb(1)−O(1) are shorter than the terminal niobyl-like Ti/Nb(2)−O(5) bonds in this model. Some temperature factors are also slightly high (particularly for O(1) and O(2) sites), and it is possible that this reflects some stacking faults in this layered material. However, these short bond lengths and high bond valence sum and U iso values may indicate a deficiency of the model. The nonpolar structure analogous to this Ima2 model is of Imam symmetry (ac ̅ b setting of space group 74) was also considered, and although Pawley fits were equivalent to those for an Ima2 cell, Rietveld refinements revealed a significant mismatch in intensities (see SI3). Various related models were also considered, including those that allow similar octahedral rotation about different polar axes (e.g., Fmm2, Cc, C2, and Cm structures), as well as those with slightly different combinations of octahedral rotation (e.g., nonpolar structures of Cmca, Pbcn, P2 1 /c, and Pnna symmetries as well as polar structures of Abm2, Pnc2, and Pc symmetries). However, these did not give any improvement in fit (and some were noticeably worse) and have large temperature factors and implausibly short bond lengths; refinements using monoclinic models were also particularly unstable. We cannot rule out the possibility of a further symmetry lowering in this system, but we have been unable to demonstrate this successfully from these data. Higher resolution data might allow lower symmetry models to be considered further and reveal further distortions in CsBi 2 Ti 2 NbO 10 that we cannot confirm from our data. The assignment of this Ima2 (point group mm2) polar, noncentrosymmetric crystal structure is consistent with the clear SHG signal observed at room temperature, indicating that it adopts an acentric structure. 29, 41 I n t e r m e d i a t e -T e m p e r a t u r e B e h a v i o r o f CsBi 2 Ti 2 NbO 10 . On warming up to 545°C, the splitting associated with the orthorhombic distortion (defined as 2(c − b)/(c + b)) decreases smoothly, and many of the additional reflections also get weaker (Figure 4 ). This behavior was followed using sequential refinements using a Pawley cell of Ima2 symmetry, and the orthorhombicity and selected peak intensities are shown in Figure 5 .
Structures intermediate between the low-temperature Ima2 model and the aristotype P4/mmm model were considered for higher temperatures below the orthorhombic−tetragonal phase transition. These included a polar Amm2 model ((001) (11̅ 0) (1̅ 1̅ 0) compared with P4/mmm cell) and a nonpolar Imam model ((002) (11̅ 0) (1̅ 1̅ 0); as above, this ac ̅ b setting of space group 74 is used for ease of comparison with the lowtemperature Ima2 model). Reflections consistent with a doubling of the unit cell along the long axis c t (e.g., 3 3 0, 11 1 0, 1 2 1, Figure 5 ) are present up to 545°C, ruling out Amm2 models (see SI4 for fits to 515°C data). Reflection conditions for Imam and Ima2 symmetries are identical, but Rietveld refinement of these models suggests a noticeable mismatch in some peak intensities for the Imam model at 515°C (see SI4 for fits), and so the polar Ima2 model seems more plausible below the orthorhombic phase transition.
High-Temperature Behavior of CsBi 2 Ti 2 NbO 10 . No orthorhombic distortion was observed from data collected at T ≥ 545°C, and these patterns could be fitted well by tetragonal cells. Although Pawley fits using the aristotype P4/ mmm a×a×c were reasonable, some very weak additional reflections not indexed by this cell were observed to persist up to 700°C (including hkl h ≠ 2n reflections, e.g., 11 2 1 based on Ima2 cell, Figures 4 and 5) . These reflections can be indexed by tetragonal √2a t ×√2a t ×2c t cells of I4/mcm symmetry (see SI7). Models of I4/mcm symmetry can be derived from the aristotype P4/mmm structure by allowing rotation of the BO 6 octahedra around the tetragonal c axis, and for this n = 3 DJ phase, there are three possible rotational modes (A1−, A2+, and A3+ irreducible representations, with k-vector ( 1 / 2 1 / 2 1 / 2 )) that would give rise to models of I4/mcm symmetry.
We cannot conclusively distinguish between these very similar models from our data, and the improvement in fit in Rietveld refinements from both these models is minimal (see SI7). We also considered the possibility of a metrically tetragonal model of Imam symmetry allowing A5+ octahedral rotations in this high-temperature region, but this did not give a significantly improved fit and seems unlikely. There may be some concerted rotation of BO 6 octahedra in CsBi 2 Ti 2 NbO 10 above 545°C, but we cannot confirm this from our current data.
DFT Calculations. To identify the patterns of displacements that can lower the symmetry of the high-temperature phase of CsBi 2 Ti 2 NbO 10 , we calculated the phonon dispersion curves in the aristotype P4/mmm phase ( Figure 6 ). We note that numerous instabilities are present, i.e. numerous patterns of displacements can lower the energy of the P4/mmm phase. A second striking feature is the lack of dispersion between M and A points, and between Z and Γ points, indicating little structural connectivity along [001] t between successive perovskite blocks (which are separated by large Cs + ions). To identify the ground state we condensed and fully relaxed different combinations of the unstable modes up to the point where no unstable mode remains in the structure. In Figure 7 we present a summary diagram of the relative gain of energy with respect to the P4/mmm phase for different pathways of mode condensations, and in Table 3 the calculated values.
If we consider only single irrep condensations, we see that the unstable modes that drive the largest energy gain are the polar and antipolar instabilities at the Γ and Z points, i.e., modes involving polar-type displacements in the [110] t direction. At the Γ point, the Γ5− mode (at 174i cm −1 ) corresponds to an in-plane ferroelectric instability and gives phases of Pmm2 and Amm2 symmetries (for polarization along one or two in-plane directions, respectively). At the Z point, the Z5− mode (also at 174i cm When considering the condensation of more than one unstable mode, we find that several phases of similar energy can be obtained. For example, condensing the A5+ and Γ5− modes a The table is decomposed into two parts: the upper rows show results from single irrep condensations, and the lower rows show results from condensing more than one unstable mode. The first column reports the space group in which the relaxation has been done; the second lists the irrep of the unstable modes that have been condensed into the aristotype P4/mmm structure and that gives the subgroup given in the first column; the third column gives the energy gain driven by condensation of the mode(s) in column 2 followed by a full cell relaxation; the last column gives the mode decomposition of the relaxed structures using the AMPLIMODES software. 10 is consistent with proper ferroelectricity in this n = 3 DJ phase. This polar instability develops in the absence of other order parameters and gives a large energy gain. A second, remarkable feature of these results is the number of phases of similar energy, suggesting that metastable phases may exist in this phase diagram, and that the properties of a sample (for example, whether it is polar and ferroelectric, or antiferroelectric) may be sensitive to synthesis routes and annealing conditions, as well as to changes in composition. In particular, the separation of the perovskite blocks, influenced by the A′ cation, is likely to alter these subtle energy differences, and it would be interesting to investigate the effect of substituting the large Cs + ions by smaller Rb + or K + ions. Table 3 gives the results of mode decompositions of the relaxed structures obtained using the AMPLIMODE software 42 and shows that condensing more than one mode always drives improper coupling with other modes. This is particularly true for the Ima2 phase observed experimentally where the DFT relaxations shows that in addition to the A5+ and Γ5− condensed modes, a third A1− mode develops in the structure. This is confirmed by symmetry analysis where the trilinear term A5+⊗Γ5−⊗A1− is an invariant of the energy expansion around the P4/mmm phase. We note that the A5+ and Γ5− instabilities are fairly strong, while the A1− instability is much weaker. Given the strength of the polar Γ5− instability, it is unlikely that this polarization is driven by the trilinear coupling, suggesting that hybrid-improper mechanisms for ferroelectricity may not be relevant in CsBi 2 (Figure 8a) show that the sample has a low permittivity (similar to that reported recently for RbBiNb 2 O 7 14 and CsBiNb 2 O 7 10 ) but that is temperature dependent, increasing to a maximum just below 550°C. Improper ferroelectrics typically show temperatureindependent permittivity. 43 Our temperature-dependent data are therefore more consistent with a proper ferroelectric− paraelectric phase transition, although the low permittivity values may reflect the low density of the ceramic. Polarizationfield measurements were carried out to test for ferroelectricity and are shown in Figure 8b . Polarization saturation is not observed at high fields for this sample, and these measurements suggest the sample is electrically "leaky" (bulk resistance of 6 × 10 6 Ωcm at room temperature). Again, this is consistent with the high porosity of the ceramic used, due to the low sintering temperature. It would be of interest to test for any piezoelectric activity in future studies.
Chemistry of Materials
Optical Characterization. Diffuse reflectance measurements for CsBi 2 Ti 2 NbO 10 diluted in NaCl show a decrease in reflectance from 440 nm. The diffuse reflectance spectrum for CsBi 2 Ti 2 NbO 10 after the Kubelka−Munk treatment is shown in Figure 9 . The intercept of the linear increase in the Kubelka− Munk remission function F = (1 − R) 2 /2R (where R is the diffuse reflectance) with the energy axis can be used to determine the optical band gap. 30, 44 These data suggest an optical band gap of 3.0(1) eV for CsBi 2 Ti 2 NbO 10 , with a lower energy feature immediately below the band gap (possibly an exciton) also observed. This is very similar to the optical behavior reported for CsBiNb 2 O 7 . 45 
■ DISCUSSION
The structural behavior described here is similar to that observed for n = 3 Aurivillius materials, 46, 47 and consistent with a ferroelectric−paraelectric phase transition at ∼540°C observed in electrical measurements (despite the leaky nature of the ceramics).
The B sites in the perovskite blocks are occupied by the d 0 cations Ti 4+ and Nb 5+ , with the larger Nb 5+ cation (6-coordinate ionic radius 0.64 Å, compared with 0.605 Å for Ti 4+ ) 48 preferentially occupying the lower symmetry B(2) site which is slightly larger than the B(1) site. A major driving force for the octahedral rotations (and resulting orthorhombic distortion) is likely to be the optimization of bonding around the nonspherical Bi 3+ cation with its stereochemically active lone pair. The orthorhombicity observed here for CsBi 2 Ti 2 NbO 10 (8.5 × 10 −3 , Figure 5a ) is less than that for CsBiNb 2 O 7 (13.5 × 10 −3 ), 11 perhaps reflecting the presence of the smaller Ti 4+ cations, suggesting that tolerance factor arguments might also be relevant: the tolerance factor for the Bi 2 Ti 2 NbO 10 blocks in CsBi 2 Ti 2 NbO 10 is slightly smaller than for the perovskite blocks in Bi 4 Ti 3 O 12 which has an orthorhombicity of 6.6 × 10 −3 . 47 Despite these distortions, the B(1) cations are noticeably overbonded in our Ima2 model, while Bi sites are slightly underbonded. It is likely that the alkali interlayers also influence the bonding environment. As Cs + is replaced by smaller Rb + in the n = 2 phases ABiNb 2 O 7 (A = Cs, Rb), there is a significant contraction in the ab plane 17 suggesting that in CsBi 2 Ti 2 NbO 10 , the large Cs + ion (already slightly overbonded), limits the lattice distortion, forcing a larger in-plane width and leaving the Bi and B(2) sites underbonded.
The cations in the low-temperature structure of CsBi 2 Ti 2 NbO 10 are noticeably displaced from the centers of their coordination environments (Figure 10 ). The outer B(2) sites are displaced toward the apical oxide site next to the alkali interlayer, and this out-of-center displacement persists up to at least 700°C (see Table SI6 :2), presumably to compensate for the slight underbonding of this site. There are also significant displacements along the polar [001] direction (Figure 11) , and the polarization is 39(2) μC cm −2 at 25°C (calculated using a simple point charge model), 49 ). 50 This polarization results mainly from Bi and the equatorial O(3) sites. However, there is also a sizable displacement of both B sites along this polar axis (in opposite directions). This is in agreement with our DFT results and with results from recent first-principles calculations which show significant polar displacement of B site cations in n = 2 DJ phases, which provides the major contribution to the polarization in these materials. 21 This is in contrast to most other families of layered perovskite-related materials 4 and might explain the difficulties in introducing magnetic d n ions onto the DJ B sites, 51 in contrast to other systems such as the Aurivillius materials. 13,52−58 DFT calculations show that the aristotype P4/mmm structure is most vulnerable to distortions involving octahedral rotation about [110] t , suggesting that the high-temperature phase is less likely to undergo symmetry-lowering phase transitions via an intermediate phase of I4/mcm symmetry. The derivation of the low-temperature Ima2 model from the aristotype P4/mmm structure can be understood in terms of group−subgroup relations ( Figure 12 ) with the polar Γ5− displacive and A5+ tilt distortion modes being significant for this symmetry lowering.
The low-temperature Ima2 structure is characterized by ferroelectric displacements along the polar . 59 The rotation pattern in CsBi 2 Ti 2 NbO 10 is analogous to the tilt system described by Rae et al. for the n = 3 Aurivillius phase Bi 4 Ti 3 O 12 at room temperature, who illustrated that the coexistence of the polar displacement (the Γ5− distortion mode) and the octahedral rotation around this polar direction (A5+ distortion mode) implies the possible coexistence of rotation of B(2)O 6 octahedra around the long axis (A1− distortion mode here).
60 Figure 13 shows unit cell parameters and the amplitudes of the Γ5− displacive mode on the Bi site, A1− and A5+ rotational modes, and calculated polarization (below phase transition) as a function of temperature. These results are from sequential distortion mode refinements of an Ima2 model, with peak shape terms and Cs Γ5− mode amplitude fixed, as well as constraints applied to minimize octahedral distortions (e.g., apical O(2) and O(4) sites to tilt by the same amount). These results suggest that the polar Γ5− mode and A5+ tilt modes become active simultaneously. (We emphasize that at high temperatures, the A1− tilt gives a negligible improvement in fit, and DFT calculations indicate only a small energy gain for this distortion, so it is unlikely to be active for T > 545°C.)
It is interesting to consider the possible sequence of phase transitions on cooling CsBi 2 Ti 2 NbO 10 , particularly in the light of recent studies of hybrid-improper ferroelectrics, in which two nonpolar lattice distortions (such as octahedral rotational modes) give rise to a polar structure. 22, 61 These mechanisms are well understood for the n = 2 DJ phases ) lowers the symmetry to P2 1 am, in which the polar Γ5− displacive mode is trilinearly coupled with these M2+ and M5− rotational modes; only with both rotational modes active does the Γ5− displacive mode lower the free energy further. 21 In this n = 3 DJ phase, rotation of BO 6 octahedra about the polar axis doubles the unit cell along the long axis (due to the mirror plane at x = 0.25), corresponding to the A5+ irrep, but otherwise is similar to the M5− rotation in the n = 2 phases. Rotation about the long axis is more complicated for these oddn DJ phases. As highlighted by Benedek, combinations of analogous rotational modes involving both inner B(1)O 6 and outer B(2)O 6 octahedra for odd-n DJ phases would result in nonpolar structures (see SI9). 21 We note that our room-temperature model of Ima2 symmetry allows both A5+ rotation (a (2)O 6 octahedra. This A1− rotation involves rotation of the outer B(2)O 6 octahedra around the tetragonal axis (out-of-phase within a perovskite block, in-phase between blocks). This A1− distortion seems surprising, and DFT calculations show that, for the aristotype P4/mmm phase, this distortion gives a fairly high energy phase ( Figure 7 and Table 3 ). Nevertheless, it is analogous to that observed in Bi 4 Ti 3 O 12 . 60 In light of the recent work on the hybrid-improper mechanism, it is tempting to speculate that a similar mechanism, involving A5+ and A1− rotations, gives rise to the polar, ferroelectric Ima2 phase of CsBi 2 Ti 2 NbO 10 (see central greyed out chain in Figure 12) . We see no evidence of intermediate phases of Imam (Imma) or Amm2 symmetry for CsBi 2 Ti 2 NbO 10 , suggesting that, in this case, the A5+ and Γ5− modes condense at the same temperature.
In proper ferroelectrics, the primary driving force for the paraelectric−ferroelectric phase transition is the polar instability, while in (hybrid)-improper ferroelectrics, the polarization is induced by other order parameter(s) and would otherwise be absent. In CsBi 2 Ti 2 NbO 10 , the strong Γ5− and A5+ instabilities appear to condense at the same temperature, and symmetry analysis shows that a trilinear coupling between these two modes and the A1− mode is allowed, consistent with an improper character of the transition. However, the strength of the polar Γ5− instability and the weakness of the A1− instability in the DFT calculations point toward CsBi 2 Ti 2 NbO 10 behaving like a proper ferroelectric. The exact character of this transition thus calls for careful phonon analysis around the phase transition and further computational studies. This result is consistent with the temperature dependence of dielectric permittivity (Figure 8a ). It is striking that increasing the width of the perovskite block from the n = 2 phase CsBiNb 2 O 7 to the n = 3 CsBi 2 Ti 2 NbO 10 stabilizes this proper ferroelectricity, and further studies to understand the origin of this stabilization are needed.
Some disorder of oxide sites has been reported for CsLa 2 Ti 2 NbO 10 , 19 and although no polar behavior has been r e p o r t e d f o r t h i s m a t er i a l , t h e s o l i d s o l u t i o n CsLa 2−x Bi x T i2 NbO 10 described above might allow relaxor ferroelectric materials to be prepared. Further investigations of the role of the A cation in these systems using neutron powder diffraction and electron diffraction are underway. For the even-n Aurivillius phases, Hyatt et al. 62 
■ CONCLUSIONS
In summary, property measurements and structural studies using variable-temperature NPD data indicate that CsBi 2 Ti 2 NbO 10 adopts a polar, ferroelectric structure below 545°C. DFT calculations give insight into the relative energies of various structural instabilities for this n = 3 DJ phase and have been essential for confirming the proper ferroelectric nature of CsBi 2 Ti 2 NbO 10 , but also suggest that further lowtemperature phases may exist with an improper ferroelectric effect. This investigation demonstrates that the n = 3 DJ phases differ in their structural chemistry and ferroelectric behavior from the closely related n = 2 DJ phases; the key driver is a polar mode itself, and not the secondary coupling of this to two nonpolar (tilt) modes, which has been shown to occur in many of the new generation of layered perovskite ferroelectrics. This is a significant result, and opens up the field to further experimental and theoretical study. The phase diagram of the n = 3 phases is likely to be complex; investigations of the influence of A′ and A cation size are currently underway.
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